The prolamin of maize (Zea mays L.), zein, was extracted from endosperm meal with 60% (v/v) 2-propanol/1% (v/v) 2-mercaptoethanol either directly or subsequent to extraction with 90% (v/v) 2-propanol. The zein extracted with 90% 2-propaol was essentially made up of 20 to 24 kilodalton polypeptides (cf-zein) while that exltactble with 60% 2-propanol/1% 2-mercaptoethanol containd, in addition to a-zein, 17 to 18 kilodlton methionine-rich polypeptides and a 27 kilodalton prolinerich polypeptide. While zein was separated into three fractions by differential solubility in 90% 2-propanol and 30% 2-propanol/30 millimolar sodium acetate (pH 6) using two different fractionation protocols. (23) from maize endosperm meal. Extractability, solubility, amino acid and electrophoretic analyses showed that a-zein constituted 35% of total zein, and included two prominent bands with mol wt 22 and 24 kD, respectively, and had an amino acid and polypeptide composition similar to that of whole zein (20). As for ,-zein, it failed to enter polyacrylamide gel without reduction but, after reduction, entered the gel and displayed three predominant size components with mol wts of 24, 22, and 14 kD. It also contained more histidine, arginine, proline, and methionine than did a-zein which Paulis (20) attnbuted to the presence ofthe 14 kD component in (#-zein. Alcoholsoluble reduced glutelin, or zein-2, was separated into two subfractions, water-soluble and water-insoluble, by dialysis against water (8, 18) .The same fraction was also separated into five subfractions by ion-exchange chematography (2). Two of these subfractions, 4 and 5, and a protein isolated by Wilson et al. (25), reduced-soluble protein, are now known to be the same as the water-soluble alcohol-soluble reduced glutelin isolated by Paulis and Wall (18).
endosperm meal with 60% (v/v) 2-propanol/1% (v/v) 2-mercaptoethanol either directly or subsequent to extraction with 90% (v/v) 2-propanol. The zein extracted with 90% 2-propaol was essentially made up of 20 to 24 kilodalton polypeptides (cf-zein) while that exltactble with 60% 2-propanol/1% 2-mercaptoethanol containd, in addition to a-zein, 17 to 18 kilodlton methionine-rich polypeptides and a 27 kilodalton prolinerich polypeptide. While zein was separated into three fractions by differential solubility in 90% 2-propanol and 30% 2-propanol/30 millimolar sodium acetate (pH 6) using two different fractionation protocols. Each of the three solubility fractions (SF1, SF2, and SF3) had a unique polypeptide composition. Based on results obtained from two inbreds, K55 and W64A, the SF1 constituted 75 to 80% of the total zein and included as major components 20 to 24 kilodalton polypeptides and a minor 10 kilodalton polypeptide. The SF2 made up 10 to 15% of the total zein and included exclusively 17 to 18 kD methioninich polypeptides. A 27 kilodalton proline-rich component constituted the SF3 and contributed 5 to 10% to total zein.
Osborne (14) coined the term prolamin to refer to the alcoholsoluble proteins that occur in cereal grains. The term literally meant, in Osborne's usage, a protein that is rich in proline and glutamine and/or asparagine. The prolamin of maize, called zein, like those of other cereals fully meets the criteria implied in Osborne's definition. The extraction and purification of zein have been the subject of many investigations since its discovery by Gorham in 1822. Osborne (13) and Osborne and Mendel (15) performed the first systematic study of solvents and conditions for extraction of zein; they concluded that it was soluble in relatively strong alcohol, acetic acid, phenol, and dilute alkali solutions. Since then the most commonly used zein solvents have been 60 to 70% solutions of either ethanol or 2-propanol.
Zein is not a homogeneous protein species; rather it is a mixture of several groups of proteins with similar solubility behavior. Moureaux and Landry (10) and Paulis et al. (16) independently discovered the presence of an additional protein fraction extractable with alcohol if a reducing agent is included in the medium. This fraction is referred to as glutelin-l (7), alcohol-soluble reduced glutelin (17) , zein-2 (22) , and zein-like ( 12) . Amino acid analysis data showed that the fraction extracted with alcohol under reducing conditions had the same predominant amino acids as zein but it had higher amounts of histidine, arginine, proline, glycine and methionine and lower amounts of leucine, isoleucine, aspartic acid, and phenylalanine than zein.
Separation ofzein into three distinct fractions by adding water stepwise to solutions in alcohol or methyl cellosolve was reported by Watson et al. (24) and Gortner and MacDonald (5). However, Scallet (21) showed that the three fractions were not homogeneous when analyzed by moving boundary electrophoresis. (20) extracted the native zein with 70% ethanol/0.5% sodium acetate and a-and ,3-zeins according to the procedure of Turner et al. (23) from maize endosperm meal. Extractability, solubility, amino acid and electrophoretic analyses showed that a-zein constituted 35% of total zein, and included two prominent bands with mol wt 22 and 24 kD, respectively, and had an amino acid and polypeptide composition similar to that of whole zein (20) . As for ,-zein, it failed to enter polyacrylamide gel without reduction but, after reduction, entered the gel and displayed three predominant size components with mol wts of 24, 22, and 14 kD. It also contained more histidine, arginine, proline, and methionine than did a-zein which Paulis (20) (8, 18) .The same fraction was also separated into five subfractions by ion-exchange chematography (2) . Two of these subfractions, 4 and 5, and a protein isolated by Wilson et al. (25) , reduced-soluble protein, are now known to be the same as the water-soluble alcohol-soluble reduced glutelin isolated by Paulis and Wall (18) .
A simple fractionation scheme to permit separation of zein into fractions of unique polypeptide composition by differential solubility has been a subject of continuous investigation for the author in the last 7 years or so. After countless, mostly unsuccessful, experiments and years of painstaking effort such a procedure has been developed. This procedure, which separates the maize prolamin, zein, into three fractions each with unique polypeptide composition, is described and discussed in this report.
MATERUILS AND METHODS
Preparation of Cornmeal. Sources of maize seeds used for zein isolation were inbreds K55 and W64A. Endosperm meal was prepared from kernels whose germ and pericarp had been removed after soaking in water for 30 to 60 min. Endosperms were ground first in a mill and then by pestle in a mortar to pass a 150 um sieve. The corn meals so prepared were stored in a freezer with or without prior defatting with hexanes. 2 -PrOH/l % (v/v) 2-ME. In Protocol 2 three solvents, 90% 2-PrOH, 60% 2-PrOH, and 60% 2-PrOH/ 1% 2-ME, were used in sequence. Extractions with 90% 2-PrOH and 60% 2-PrOH with or without 2-ME were repeated 5 and 3 times, respectively, in protocols 1 and 2. Protocol 3 involved the use of 60% 2-PrOH/1% 2-ME as the sole solvent to extract all of alcohol-soluble proteins and extraction was repeated 4 times. All extractions were performed at room temperature for 2 to 18 h each using 2 g endosperm meal in 30 ml Corex tubes with occasional 5 to 10 s mixing on a Vortex mixer. The solvent (ml) to meal weight (g) ratio was 10:1 and centrifugations were at 12,000g (4C) for 10 min. Supernatants from successive extractions with the same solvent were assayed for protein by a semiquantitative dye-binding procedure (1) Figure 1 . Both protocols are devised to fractionate zein extracted with 60% 2-PrOH or 60% 2-PrOH/1 % 2-ME. If 2-ME was not included in solvent during extraction, it was added later to the extract. Protocol A involves adding 3 volumes of 2-PrOH (alcohol content is about 100%) to the zein extracted or solubilized with 60% 2-PrOH to raise 2-PrOH concentration to 90% (v/v). The resulting solution was left standing overnight ( 16-20 h ) at 4°C and then centrifuged at 12,000g (4C) for 10 min. Two volumes of H20 were added stepwise to the supernatant, referred to as solubility fraction 1 (ASF,), to make it 30% 2-PrOH. In addition, 0.01 volume of 3 M NaAc (pH 6.0) was added to make the solution 30 mM NaAc/ 30% PrOH final concentrations. The solution was left standing overnight or longer at 4°C prior to centrifugation at 5,000g. The supernatant was discarded; the pellet was washed with water, dissolved in 60% tert-butanol, and freeze-dried. The pellet from 12,000g centrifugation was washed twice with 90% 2-PrOH/ 0.5% 2-ME, 10 to 15 min each, followed by centrifugation at 5,000g for 5 min. Then the pellet was solubilized in 60% 2-PrOH/2% 2-ME for several hours to overnite at room temperature. The solution was made first 30% 2-PrOH by adding 1 volume of water stepwise and then 30 mM NaAc as described above. The resulting 30% 2-PrOH/30 mM NaAc/1% 2-ME solution was allowed to stand at 4°C overnight and centrifuged at 5,000g for 10 min. The supernatant, designated ASF3, was reduced to about 1/2 volume by evaporation in a dialysis bag, dialyzed against H20, and freeze-dried. The pellet, designated ASF2, was washed twice with 30% 2-PrOH/30 mM NaAc (pH 6 .0/0.5% 2-ME) 10 to 15 min. It was then suspended in 60% tert-butanol and freeze-dried.
Fractionation according to the protocol B was performed as follows. Zein extracted or solubilized with 60% 2-PrOH/1 % 2-ME was mixed with 1 volume of water to make it 30% 2-PrOH/ 0.5% 2-ME. Then, 0.02 volume of 3 M NaAc was added to 30 'Abbreviations: 2-PrOH, 2-Propanol; 2-ME, 2-mercaptoethanol; SF, solubility fraction; NaAc, sodium acetate; IEF, isoelectric focusing. mm final concentration and the solution was kept at 4°C overnight prior to centrifugation at 5,000g for 10 min. The supernatant, designated BSF3, was concentrated, dialyzed, and freezedried as mentioned above. The pellet was washed twice with 30% 2-PrOH/30 mm NaAc/0.5% 2-ME, followed each time by centrifugation at 5,000g. Then the pellet was solubilized in 60% 2- PrOH/1 % 2-ME at room temperature for several h to overnight. (3) it was found that 65% of the total alcohol-soluble nitrogen was extracted from W64A with 90% 2-PrOH. The remaining 35% was extracted with 60% 2-PrOH/1% 2-ME.
Electrophoretic analysis of extracts clearly showed all zeins but the 27 kD zein were extractable with 60% 2-PrOH. Protein extractable with 90% 2-PrOH is unique in that it contains exclusively a-zeins and thus this solvent permits isolation of azeins free of other zeins. However a-zeins occur as a major contaminant in fractions extracted with both 60% 2-PrOH and 60% 2-PrOH/2-ME later. As for 17 and 18 kD methionine-rich zeins, they showed limited extractability with 60% 2-PrOH but were readily extractable when 2-ME was included in the same solvent. The 27 kD proline-rich zein occurred only in extracts made with 60% 2-PrOH/2-ME indicating that this protein was probably a part of a large multimeric complex held by disulfide bonds. Wang and Esen (unpublished data) showed that the 27 kD zein occurred in protein bodies along with other zeins. Ludevid et al. (9) (Fig. 2) . The results which formed the basis for arriving at the two fractionation protocols were as follows. Plant Physiol. Vol. 80, 1986 to 80% 2-PrOH under reducing conditions. This information was effectively exploited to separate a-zeins from other zeins (17, 18 , and 27 kD) by adding pure 2-PrOH to 60% 2-PrOH/2% 2-ME extracts to 90% final concentration. (b) a-zeins and 17 and 18 kD zeins precipitate completely in 30% 2-PrOH/30 mM NaAc (pH 6.0) while 27 kD zein remains in solution. This information was used to separate 27 kD zein from other zeins by adding first 1 volume of water to 60% 2-PrOH/1 % 2-ME extracts and then 3 M NaAc (pH 6.0) to 30 mm final concentration. Protocols A and B incorporates both of these principles but uses them in opposite sequence. For example, protocol A, as a first step, exploits the solubility of a-zeins and insolubility of 17, 18, and 27 kD zeins in 90% 2-PrOH to separate them from each other. In the second stage, 27 kD zein is separated from 17 and 18 kD zeins by exploiting their solubility differences in 30% 2-PrOH/ 0.5% 2-ME/30 mm NaAc (pH 6.0). Protocol B first separates 27 kD zein from others and then a-zeins are separated from 17 and 18 kD zeins.
One could predict from the above-mentioned results that fractions ASF, and BSF, would contain a-zein polypeptides when analyzed by SDS-PAGE. This expected result was indeed realized as shown in Figure 2 , lane 2, which has the profile ASF,. The profile includes the major 20 to 24 kD a-zeins and the minor 10 kD a-zein. This profile is also essentially identical with that of authentic a-zein directly extracted from meal with 90% 2-PrOH.
Similarly, fractions ASF2 and BSF2 would consist of 17 kD and 18 kD methionine-rich zeins and the profile of ASF2 shown in Figure 2 , lanes 3, 6, 10, and 13 confirms this expectation. Also, a group of three bands (25-26 kD) consistently appeared in the profile of fractions ASF2 and BSF2 (Fig. 2, lanes 3 and 6, arrow) from inbred K55. This triplet occurs in a genotype-specific manner in maize inbreds and has not been reported before; its relation to other zeins is presently not known. Finally, fractions ASF3 and BSF3 would be expected to have only the 27 kD proline-rich zein; this expectation, too, is realized as can be seen in Figure 2 , lanes 4, 7, 11, and 14. Moreover, differential solubility protocols A and B did not lead to the loss of any of polypeptides present in the starting material (parent fraction).
When 60% 2-PrOH/l % 2-ME-soluble (protocol 1) fraction and its solubility fractions (ASF,, ASF2, and ASF3) were subjected to IEF (not shown) they all exhibited extensive charge heterogeneity. The extent of charge heterogeneity was similar in all three solubility fractions, each having about 15 charge components. Moreover, most charge components in each profile occupied distinct positions along the pH gradient indicating their being unique to their respective solubility fractions.
Comments on Fractionation Protocols. These results clearly show that two differential solubility protocols used separate zein into three fractions with distinct polypeptide composition. Both protocols are rather simple to follow and fractionation can be stopped at a convenient point and continued later. They are also amenable to scaling up. It was found that both a-zein and methionine-rich zeins could actually be salted out in the presence of NaAc at molarities less than 30 mm in 30% 2-PrOH. In a systematic study, 2.5 mm NaAc was found to be sufficient to completely precipitate a-zein in 30% 2-PrOH upon centrifugation. In contrast, proline-rich zein did not salt out with either NaAc or (NH4)2SO4 even at 1 M final concentration in 30% 2-PrOH. Although a thorough study of the effect of pH was not carried out, pilot experiments suggested that the pH optimum for salting-out of a-and methionine-rich zeins was about 6.
Moreover, pellets containing 17 and 18 kD zeins were not readily soluble in 60% 2-PrOH/1 % 2-ME especially when protocol B was used. This problem was solved by soaking the pellet in solvent for several hours and then heating at 50C for 10 min. It was also observed that the solubility of 17, 18, and 27 kD zeins dialysis, freeze-drying) they were subjected to increased. Appar Conclusions. The extraction of maize prolamin, zein, is faster and more efficient with alcohol containing a reducing agent than one without. Zein so extracted can be separated into three fractions each having a unique polypeptide composition by following one of the two differential solubility fractionation protocols described above. The author believes that this approach provides a better and more rational basis for further studies of zeins. It is also proposed that all alcohol-soluble maize proteins should be referred to as zein whether they require a reducing agent or not for extractability and solubility. The fractions referred to as zein-2, glutelin-l, zein-like, alcohol-soluble glutelin, etc. contain the same polypeptides as does ordinary zein but also the 27 kD proline-rich zein (SF3). These terms have certainly been useful to draw attention to the fact that a part of zein occurs as disulfide-linked oligomers and polymers and could not be extracted without reduction of disulfide bonds. Their continuous use is no longer meaningful and causes much confusion. There would be more clarity about zein nomenclature if everyone followed the usage and criteria originally proposed by Osbomne.
